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Introduction {#sec001}
============

Different tissue-dwelling parasitic nematodes that possess distinct intestinal niches and life cycles may confer different susceptibility to specific immune cell effector functions. *Trichinella spiralis* is a parasitic nematode that inhabits both the small intestinal and striated muscle cells after being consumed in larva-contaminated meat \[[@pone.0184684.ref001]\]. Several effector innate immune cells such as mast cells, eosinophils and goblet cells appear to participate in eliciting the immune response against *T*. *spiralis* infection \[[@pone.0184684.ref002]\]. While the mechanisms to mount the immune response against *T*. *spiralis* infection involve both T cell-dependent and -independent pathways \[[@pone.0184684.ref003]\], effective expulsion of the *T*. *spiralis* worm requires CD4^+^ T cells \[[@pone.0184684.ref004]\].

CD4^+^ Th2 cells, producing IL-4, IL-5 and IL-13 cytokines, have been recognized as the key immune cell type to control gastrointestinal helminth infection. Parallel to the adaptive CD4^+^ Th2 cells, recently identified type-2 innate lymphoid cells (ILC2s) have been shown to be the primary producers of the signature cytokines IL-5 and IL-13 in the early stage of the immune response \[[@pone.0184684.ref005]--[@pone.0184684.ref007]\]. IL-13, derived from ILC2s, was shown to regulate tuft and goblet cell expansion \[[@pone.0184684.ref008]\], while IL-5 secreted from ILC2 cells plays a role in promoting eotaxin production and eosinophil accumulation \[[@pone.0184684.ref009]\]. ILC2s lack antigen specific receptors and express receptors for cytokines, including IL-2, IL-7, TSLP, IL-33, and IL-25 \[[@pone.0184684.ref010]\]. Several studies have demonstrated that ILC2s induce an immune response against nematode *N*. *brasiliensis* helminth infection \[[@pone.0184684.ref010]--[@pone.0184684.ref012]\]; whether ILC2s play a key role in expelling *T*. *spiralis* worm infection remains unclear.

IL-25, a member of the IL-17 family, is known to be involved in mediating type-2 immunity against gastrointestinal helminth infection. The induction of IL-25 was observed in the intestines of mice infected with several helminthes, including *N*. *brasiliensis*, *T*. *muris* and *H*. *polygyrus bakeri* \[[@pone.0184684.ref002]\]. After *N*. *brasiliensis* infection, intestinal IL-25 production was upregulated, possibly by tuft cells \[[@pone.0184684.ref008], [@pone.0184684.ref013]\], which activated resident ILC2s, resulting in worm expulsion, even in the absence of an adaptive immune response. Thus, mice deficient in IL-17RB, a cognate receptor for IL-25, failed to mount an effective immune response to *N*. *brasiliensis* due to delayed and inefficient type-2 cytokine production \[[@pone.0184684.ref005], [@pone.0184684.ref014], [@pone.0184684.ref015]\]. While induction of intestinal IL-25 was also shown to be upregulated during *Trichuris muris* infection, IL-25-mediated immune response to this helminth appeared to be lymphocyte dependent \[[@pone.0184684.ref016]\].

Epithelial cell-derived IL-25 has also been demonstrated to be a key player in eliciting type-2 immune response to *T*. *spiralis* infection \[[@pone.0184684.ref017]\]. However, the cellular target responsible for IL-25 function and the involvement of ILC2s in response to *T*. *spiralis* infection have not been investigated. In this study, we showed that ILC2s and CD4^+^ Th2 cells were the primary immune cells that expressed surface IL-17RB during *T*. *spiralis* infection. Co-cultured ILC2s with effector/memory T cells augmented the production of antigen-specific Th2 and Th9 cytokines. Depletion of adaptive CD4^+^ T cells resulted in impaired ILC2 function in response to IL-25 stimulation resulting in reduced production of type 2-associated cytokines and IL-9. Furthermore, mice deficient in IL-17RB exhibited reduced ILC2 number and impaired Th2 and Th9 functions, resulting in delayed *T*. *spiralis* clearance. Our studies suggest that reciprocal effect between CD4^+^ and ILC2 cells in response to IL-25 mounts an effective Th2 and Th9 cell-specific immune response against *T*. *spiralis* infection.

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

BALB/c mice were obtained from The National Laboratory Animal Center, Mahidol University. Female 6- to 8-week-old mice were used for the experiments. All genetically modified mice, including; IL-4-GFP reporter (4GET), *Il17rb*^-/-^, and *Il17rb*^-/-^/4GET strains, used in this study were backcrossed to the BALB/c background for more than 10 generations \[[@pone.0184684.ref018]\]. All mice were bred and housed under specific pathogen-free conditions in the animal facility of the Thammasat University. At the end of the experiment, the mice were euthanized by controlled gradual displacement with carbon dioxide using a flow meter in accordance with IACUC and the American Veterinary Medicine Association (AMVA) guidelines on euthanasia. All animal studies were approved by the Thammasat University Animal Care and Use Committee.

Monoclonal antibodies {#sec004}
---------------------

PE-conjugated anti-CD127 (A7R34), FITC-conjugated ani-KLRG1 (2F1/KLRG1), V500-conjugated anti-CD4 (GK1.5), allophycocyanin (APC)-Cy7-conjugated anti-Thy1.2 (30-H12), PE-Cy7-conjugated anti-CD3e (145-2C11), PE-conjugated anti-CD62L (MEL-14), APC-conjugated anti-CD44 (IM7), biotinylated anti-T1/ST2 (RMST2-33), APC-Cy7-conjugated anti-c-KIT (2B8), PE-conjugated anti-I-A/I-E (major histocompatibility complex class II \[MHC-II\]) (clone M5/114.15.2), PerCP-Cy5.5-conjugated mAbs against lineage markers (CD11b \[M1/70\], CD11c \[HL3\], Gr.1 \[RB6-8C5\], CD49b \[DX5\], CD8 \[53--6.7\], B220 \[RA3-6B2\], CD335 \[NKP46, 29A.4\]) antibodies were purchased from e-Bioscience. Brilliant Violet 421-labeled Streptavidin was purchased from BioLegend, and anti-IL-17RB antibody (clone SS13B) obtained from Dr. Yui-Hsi Wang, University of Cincinnati, Cincinnati Children's Hospital Medical Center) was conjugated with APC using Zenon Alexa Fluor 647 mouse IgG1 labelling Kit (Thermo Fisher Scientific).

Lamina propria (LP) cell isolation {#sec005}
----------------------------------

The small intestines were harvested, and mesentery, adipose tissue, and peyer's patches were removed. The small intestines were then opened longitudinally, cut into small pieces and washed with PBS, followed by vigorously shaking in HBSS with 10% FCS, 20 μM Hepes, 5 mM EDTA, 100 U/ml penicillin, 100 μg/ml streptomycin, 1 mM DTT, for 30 min at 37°C to remove epithelial and intraepithelial cells. The tissues were then washed with HBSS and digested with 1 mg/ml collagenase A (Roche, Mannheim, Germany), 0.05 mg/ml liberase, and 0.125 mg/ml DNase I (Roche) at 37°C for 30 minutes. Digested cells were then subjected to Percoll centrifugation (37.5%), and LP leukocytes were isolated from the interface, and after washing, resuspended in medium for subsequent analysis.

Flow cytometric analysis and cell sorting {#sec006}
-----------------------------------------

To analyze ILC2s and Th2 cells, LP or mesenteric lymph node cells were stained with fluorochrome-conjugated antibodies against CD3e, CD4, CD127, Thy1.2, c-KIT, KLRG1, IL-17RB, T1/ST2, and a combination of lineage (Lin) markers, including CD11b, CD11c, B220, CD49b, Gr-1, CD335, and CD8. Stained cells were fixed, and analyzed using the BD FACSVerse™ cytometer (BD Biosciences), and the acquired data were analyzed with the FlowJo Software (Treestar) as described \[[@pone.0184684.ref018]\]. For cell sorting experiments, mesenteric lymph node cells were enriched after the removal of lineage positive cells labeled with microbeads conjugated with mAbs against CD11b, CD8, and CD19 using a MACS column (Miltenyi Biotech, Germany). Enriched Lin^-^ cells were stained with lineage markers (CD11b, CD11c, Gr.1, B220, CD335), CD3e, CD4, IL-17RB, T1/ST2 and CD127 antibodies. Lin^-^CD3^-^CD4^-^IL-17RB^+^CD127^+^T1/ST2^+^ cells were sorted for ILC2. For effector/memory CD4^+^ T cell purification, CD3^+^CD4^+^CD62L^-^CD44^+^ were sorted using a FACSAria II (BD Biosciences). For further characterization of surface MHCII expression, Lin^-^CD4^-^CD4^-^IL-17RB^+^CD127^+^T1/ST2^+^GFP^+^ cells were gated and assessed for MHCII expression by flow cytometry.

Parasite infection {#sec007}
------------------

*T*. *spiralis* (ISS62) originated from an outbreak in Mae Hong Son Province in 1986 \[[@pone.0184684.ref019]\] and was maintained in ICR mice. The larvae were recovered from muscles of infected mice after 30-day post infection by pepsin-acid digestion. Mice were orally gavaged with 400 *T*. *spiralis* larvae and euthanized at various time points after infection.

CD4+ T cell depletion {#sec008}
---------------------

For CD4^+^ T cell depletion, mice were intraperitoneally injected with anti-CD4 mAb (clone GK1.5, 300 μg/mouse) or control rat IgG (300 μg/ mouse) every other day after infection. Mesenteric lymph node or lamina propria cells isolated from the small intestine of antibody-treated mice infected for 7 and 14 days were used to analyze ILC2 cell frequency using flow cytometry. Mesenteric lymph node cells of antibody-treated mice infected for 7 days were cultured in the presence or absence of IL-25 (10 ng/ml, R&D Systems) with or without *T*. *spiralis* antigen (10 μg/ml). To measure cytokines from ILC2s, ILC2s were enriched after depleting lineage positive cells labeled with microbeads conjugated with mAbs against CD11b, CD8, CD4, B220 and CD19 using a MACS column (Miltenyi Biotech, Germany) \[[@pone.0184684.ref018]\]. Enriched cells were stimulated with IL-25 (10 ng/ml, R&D Systems) or phorbol myristate acetate (PMA) (50 ng/ml, Sigma) plus ionomycin (500 ng/ml, Sigma). After stimulating 72 hours, supernatants were collected and the amounts of secreted cytokines were measured by ELISA.

Worm burden analysis {#sec009}
--------------------

To analyze intestinal worm burden, the small intestines were collected, opened longitudinally and incubated in Hanks' Balanced Salt Solution (HBSS) at 37°C for 3 hr \[[@pone.0184684.ref020]\]. Following incubation, the intestines were agitated; the worms were then counted using an inverted microscope. Muscle larvae burden was assessed by digesting whole carcasses of infected mice with pepsin-HCl on day 30 postinfection.

Histology {#sec010}
---------

Intestinal tissue samples were fixed in 10% buffered formalin, dehydrated in ethanol, and embedded in paraffin wax. The 5-μm sections were stained with periodic acid-Schiff (PAS) to visualize goblet cells \[[@pone.0184684.ref021]\]. The number of goblet cells was expressed as the amount per 10 villus crypt units (VCU).

Coculture of effector CD4^+^ T cells and ILC2 {#sec011}
---------------------------------------------

To generate ILC2s in this experiment, mice were injected with IL-25Ig (5 μg/mouse) at days 0, 1, 3 and 5 after infection \[[@pone.0184684.ref017], [@pone.0184684.ref022]\]. ILC2s (CD4^-^IL-17RB^+^CD127^+^T1/ST2^+^GFP^+^) were sorted from pooled mesenteric lymph nodes using a cell sorter (FACSAria II, BD Biosciences). To study effector CD4+ T cells, mice were infected and effector CD4^+^ T cells (CD44^+^CD62L^-^CD4^+^CD3^+^ cells) were sorted from the mesenteric lymph nodes from mice infected with *T*. *spiralis* on day 7 postinfection. Sorted ILC2s (5 x 10^4^ cells) were pulsed with 10 μg/ml *T*. *spiralis* extract or OVA antigen for 3 hours at 37°C. Subsequently ILC2s were washed and were then co-cultured with effector CD4^+^ T cells (1 x 10^5^ cells) for 3 days. The antibodies M5/114.15.2 (anti-MHCII, eBioscience) were added to cultures at a concentration of 1 μg/ml. The culture supernatants were collected after 3 days and were then analyzed for cytokine production using ELISA.

Measurement of cytokine production {#sec012}
----------------------------------

Single-cell suspensions of mesenteric lymph nodes harvested from mice infected with *T*. *spiralis* at various time points after infection were enriched before subjection to analysis of antigen-specific cytokine production using ELISA \[[@pone.0184684.ref017]\]. Briefly, cells were stimulated with *T*. *spiralis* extract antigen at a concentration of 0 or 10 μg/ml. To investigate the effect of IL-25 on cytokine production, cultured cells were treated with IL-25 (10 ng/ml, R&D Systems) in the presence or absence of *T*. *spiralis* antigen stimulation. Supernatants of cultured cells were collected to analyze cytokine production after 72-hour incubation at 37°C with 5% CO2. IL-4, IL-5, IL-9, IFN-γ and IL-17 were analyzed using the antibody pairs from BD Pharmingen, while IL-13 was assessed using ELISA kits (R&D Systems) according to the manufacturer\'s instructions.

Real-time RT-PCR analysis {#sec013}
-------------------------

RNA was extracted using TRIzol reagent to serve as templates for cDNA synthesis using oligo-dT, random hexamers and MMLV reverse transcriptase (Invitrogen) \[[@pone.0184684.ref017]\]. To quantify cytokine gene expression, cDNA samples were amplified in IQ^TM^ SYRB® Green Supermix (Biorad Laboratories) using the primer pairs for targeted cytokines as previously described \[[@pone.0184684.ref017]\]. Expression levels of target genes were normalized to endogenous actin (*Actb*) transcript levels, and relative quantification of samples was compared with the lowest expression levels serving as the baseline.

Statistical analysis {#sec014}
--------------------

Data are presented as mean value ± SD. Data were analyzed using one-way ANOVA with Tukey's post hoc analysis. Statistical analysis was performed with GraphPad Prism 5 Software. A value of *p* \<0.05 was considered significant.

Results {#sec015}
=======

Innate lymphoid cell type 2 (ILC2) and CD4^+^Th2 cells express IL-25 receptor during *T*. *spiralis* infection {#sec016}
--------------------------------------------------------------------------------------------------------------

Related studies have demonstrated that IL-25 functions to promote protective immune response against *T*. *spiralis* infection by augmenting Th2 and Th9 cytokine production \[[@pone.0184684.ref017]\]; however, the cellular mechanisms underlying IL-25-mediated immune response during infection remain elusive. To identify the immune cells responsible for IL-25-mediated protective immunity against *T*. *spiralis* infection, we examined lamina propria cells from the intestines of mice infected with *T*. *spiralis* using multicolor flow cytometric analysis. Following *T*. *spiralis* infection for 7 days, a population of IL-17RB^+^ cells was found to be increased ([Fig 1A](#pone.0184684.g001){ref-type="fig"}). Two dominant populations of cells expressing IL-17RB were identified: cells lacking expression of lineage markers (CD11b, CD11c, B220, CD19, DX5, Gr.1, CD8) and a population of T helper cells (CD3^+^CD4^+^). A distinctive lineage negative cell population (Lin^-^) comprised CD127^+^ and ST2^+^, a phenotype likely to be ILC2s ([Fig 1A](#pone.0184684.g001){ref-type="fig"}). Recent studies employing IL-4 reporter mice (4GET) in tracking ILC2 indicated that Lin^-^GFP^+^IL-17RB^+^ cells appeared identical to the IL-25-responding ILC2s \[[@pone.0184684.ref018], [@pone.0184684.ref023]\]. To better understand the involvement of these cells in IL-25-mediated type-2 immunity against *T*. *spiralis* infection, we examined the IL-17RB-expressing cells in the small intestines and mesenteric lymph nodes of mice infected with *T*. *spiralis* at different time periods in 4GET mice using the previously described strategy. After 7 days post *T*. *spiralis* infection, the frequency of CD3^+^CD4^+^ cells that expressed GFP and IL-17RB, previously reported as CD4^+^Th2 cells \[[@pone.0184684.ref024]\],was significantly increased in both the intestinal lamina propria and draining lymph nodes, and maintained after 14 days ([Fig 1B and 1C](#pone.0184684.g001){ref-type="fig"}). Very few GFP^+^IL-17RB^+^CD3^+^CD4^+^ cells could be detected 3 days postinfection or in healthy mice ([Fig 1B and 1C](#pone.0184684.g001){ref-type="fig"}). Intriguingly, IL-17RB-expressing Lin^-^ cells that were found to co-express GFP could be readily detected in the lamina propria of the small intestines from uninfected mice, and the frequency of IL-17RB^+^GFP^+^Lin^-^ cells increased significantly in both the lamina propria and draining lymph nodes at day 7 postinfection, but declined at day 14 postinfection ([Fig 1B and 1C](#pone.0184684.g001){ref-type="fig"}). Detailed phenotypic characterizations of IL-17RB^+^GFP^+^Lin^-^ cells demonstrated that these cells also expressed the signature markers of recently described ILC2s, including the IL-7 receptor α chain, KLRG1, T1/ST2, c-KIT, and Thy1.2 ([Fig 1D](#pone.0184684.g001){ref-type="fig"}). Among a population of Lin^-^ cells, characteristics of ST2^+^IL-17RB^+^KLRG1^+^ ILC2s, but not ST2^-^IL-17RB^+^KLRG1^hi^ or ST2^+^IL-17RB^lo/-^KLRG1^lo^ (described as iILC2 and nILC2 in the lungs, respectively) or ST2^-^IL-17RB^+^IL-7Rα^-^ (MPP^type2^) were induced in the lamina propria of *T*. *spiralis*-infected mice ([Fig 1D](#pone.0184684.g001){ref-type="fig"} and [S1 Fig](#pone.0184684.s001){ref-type="supplementary-material"}). These data suggested that the intestinal ILC2s and CD4^+^Th2 cells are the major cell subsets that express surface IL-17RB, a component of IL-25R, indicating their involvement in IL-25-elicited type-2 immune response during *T*. *spiralis* infection.

![Type 2 innate lymphoid cells (ILC2s) and CD4^+^Th2 cells are the major immune cells expressed IL-25 receptor (IL-17RB) in response to *T*. *spiralis* infection.\
**(A)** BALB/c mice were infected with *T*. *spiralis* and their lamina propria cells were analyzed for the expression of IL-17RB at day 7 following infection. The gated IL-17RB^+^ population from infected mice was stained with lineage markers (CD11b, CD11c, B220, CD19, DX5, Gr.1, CD8), IL-7Rα, ST2, CD3 and CD4. The expression of IL-7Rα and ST2 on Lin^-^ cells from IL-17RB^+^ (open histogram) were compared with those from IL-17RB^-^ (shaded histogram) population. **(B and C)** Phenotypic analysis and frequencies of IL-17RB^+^GFP^+^ by CD3^+^CD4^+^ and Lin^-^ cells in the lamina propria of the small intestines **(B)** and mesenteric lymph nodes **(C)** of 4GET mice following *T*. *spiralis* infection at days 3, 7 and 14. **(D)** Cell surface marker expression (IL-7 receptor α, KLRG1, ST2, c-KIT and Thy1) in the IL-17RB^+^GFP^+^Lin^-^ cells in the lamina propria of the small intestines after *T*. *spiralis* infection for 7 days. Flow cytometric data shown are a representative histogram profile of one of three independent experiments. The solid gray line indicates the plot profile of isotype-matched control antibody and shaded histogram represents the profile of the indicated antibody. The data represent one of three independent experiments (n = 4 mice each group). Error bars denoted mean ± SD. Significance was determined using one-way ANOVA \* p \<0.05, \*\* p \<0.01\*\*\* and p \<0.001 (compared with data in naïve mice).](pone.0184684.g001){#pone.0184684.g001}

IL-25-activated ILC2s enhance antigen-specific Th2 and Th9 cytokine production {#sec017}
------------------------------------------------------------------------------

To understand how IL-25 promotes the type-2 immune response during *T*. *spiralis* infection, we first assessed the effect of IL-25 on Th2/Th9 cytokines (IL-4, IL-5, IL-9 and IL-13) and IFN-γ production by mesenteric lymph node cells from 7-day *T*. *spiralis*-infected mice in the presence or absence of *T*. *spiralis* antigen stimulation. Consistent with other studies \[[@pone.0184684.ref024]\], IL-25 alone is sufficient to induce robust IL-5 and IL-13 and moderate IL-9 but little IL-4 and IFN-γ production; whereas, *T*. *spiralis* antigens triggered primarily IL-4, IL-5 and IL-9, but little IL-13 and IFN-γ production by mesenteric lymph node cells from *T*. *spiralis*-infected mice ([Fig 2A](#pone.0184684.g002){ref-type="fig"}). Notably, IL-25 plus *T*. *spiralis* antigens induced large amounts of IL-4, IL-5, IL-9 and IL-13 production by mesenteric lymph node cells of *T*. *spiralis*-infected mice ([Fig 2A](#pone.0184684.g002){ref-type="fig"}). Thus, IL-25 could enhance *T*. *spiralis* antigen-specific Th2 cytokine and IL-9 production by CD4^+^ cells that were accumulated together with the IL-17RB-expressing ILC2s in the mesenteric lymph nodes 7 days post *T*. *spiralis* infection ([Fig 1C](#pone.0184684.g001){ref-type="fig"}).

![ILC2s induced by IL-25 facilitates antigen-specific Th2 and Th9 cytokine production in response to *T*. *spiralis* infection.\
**(A)** Mesenteric lymph node cells of naïve mice or mice infected with *T*. *spiralis* stimulated with or without *T*. *spiralis* antigen in the presence or absence of IL-25 for 72 hours were measured for cytokines as indicated and compared. **(B)** Gated ILC2s (Lin^-^CD4^-^IL-17RB^+^CD127^+^T1/ST2^+^GFP^+^) in the lamina propria isolated from the small intestine of naïve and *T*. *spiralis*--infected mice were analyzed for the expression of MHCII and compared. **(C)** ILC2s sorted from IL-25-treated mice and pulsed with *T*. *spiralis* antigen or OVA antigen were co-cultured with or without purified effector/memory CD4^+^ T cells (CD44^+^CD62L^-^CD4^+^CD3^+^) from mesenteric lymph nodes of *T*. *spiralis*--infected mice for 72 hours. An anti-MHCII antibody was added to effector/memory CD4^+^ T cells co-cultured with *T*. *spiralis*-pulsed ILC2 cells. The indicated cytokines in the supernatant were examined by ELISA. Data represented one of three independent experiments (n = 4 mice each group). Error bars denote mean ± SD. Significance was determined by one-way ANOVA \* p \<0.05, \*\* p \<0.01 and \*\*\* p \<0.001.](pone.0184684.g002){#pone.0184684.g002}

Accumulated evidences from related studies suggest that ILC2s may promote antigen-specific Th2 immune responses by enhancing CD4^+^ T cell function through surface MHCII expression \[[@pone.0184684.ref012], [@pone.0184684.ref024]\]. To determine whether ILC2s have the potential to regulate intestinal CD4^+^ Th2 and Th9 cell functions during *T*. *spiralis* infection, we first examined and compared MHC class II expression by ILC2s from *T*. *spiralis* infected mice with those from healthy mice. Indeed, we found that intestinal IL-17RB-expressing ILC2s from mice infected with *T*. *spiralis* expressed higher levels of surface MHC class II, compared with those from uninfected mice, implying that intestinal ILC2s may be activated to acquire the capability to potentiate CD4^+^ T cell function during *T*. *spiralis* infection ([Fig 2B](#pone.0184684.g002){ref-type="fig"}).

Next, we tested whether ILC2s may function in promoting antigen-specific T helper cell response by coculturing ILC2s and CD4^+^ T effector/memory cells, isolated from 4-GET mice infected with *T*. *spiralis* for 7 days when both ILC2s and CD4^+^ Th2 cells were induced ([Fig 1B](#pone.0184684.g001){ref-type="fig"}). While effector/memory CD4^+^ T cells or ILC2s alone stimulated with *T*. *spiralis* antigen produced low levels of Th2 cytokines, co-cultured ILC2s, pulsed with *T*. *spiralis* antigen (not an unrelated control OVA antigen), induced antigen-specific effector/memory cells to produce significantly large amounts of Th2 cytokine, IL-4 and IL-13, as well as Th9 cytokine, IL-9 ([Fig 2C](#pone.0184684.g002){ref-type="fig"}). More importantly, a neutralizing anti-MHCII antibody prevented the enhanced antigen-specific cytokine production of effector/memory co-cultured with *T*. *spiralis*-pulsed ILC2. By contrast, very little antigen-specific IFN-γ production could be detected in the supernatants of *T*. *spiralis* antigen-stimulated CD4^+^ effector/memory T cells, ILC2s or co-cultured ILC2s and CD4^+^ effector/memory T cells. These data suggest that *T*. *spiralis* infection induces the accumulation and activation of intestinal ILC2s that can promote antigen-specific Th2 and Th9 cell functions by enhancing their cytokine production through an MHCII-dependent interaction.

Absence of CD4^+^ T cells during *T*. *spiralis* infection resulted in an impaired function of ILC2s {#sec018}
----------------------------------------------------------------------------------------------------

Related studies demonstrated that mice lacking CD4^+^ T cells failed to mount an effective protective immune response against *T*. *spiralis* infection \[[@pone.0184684.ref004], [@pone.0184684.ref025]\], suggesting that ILC2s alone may be insufficient to elicit robust Th2 immune response. To investigate whether the presence of CD4^+^ T cells regulate the induction and function of ILC2s, we analyzed the mesenteric lymph node and intestinal ILC2s from mice which were intraperitoneally injected with anti-CD4 antibody every other day after *T*. *spiralis* infection. Indeed, anti-CD4 antibody treatment resulted in effective reduction of CD4^+^ T cell number to less than 1% of total mononuclear cells in the mesenteric lymph nodes and lamina propria of mice after *T*. *spiralis* infection ([Fig 3A](#pone.0184684.g003){ref-type="fig"} and [S2A Fig](#pone.0184684.s002){ref-type="supplementary-material"}). Consequently, the loss of CD4^+^ T cells in *T*. *spiralis*-infected mice treated with anti-CD4, not isotype control antibody, resulted in the failure of effective worm expulsion in the intestines, as evidenced by the sustained worm number at day 14 postinfection ([Fig 3B](#pone.0184684.g003){ref-type="fig"}). Compared with infected mice treated with isotype control antibody, the percentage and number of ILC2s remained intact in the mesenteric lymph nodes and the lamina propria of *T*. *spiralis*-infected mice that were treated with anti-CD4 antibody ([Fig 3C](#pone.0184684.g003){ref-type="fig"} and [S2B Fig](#pone.0184684.s002){ref-type="supplementary-material"}). Intriguingly, IL-25-enhanced IL-5, IL-9 and IL-13 production was less and antigen-specific Th2 and Th9 responses in mesenteric lymph nodes of CD4 mAb-treated mice at day 7 postinfection were significantly fewer than those of isotype mAb-treated mice, indicating that despite ILC2s remaining intact after depleting CD4+ T cells, these cells responded poorly to IL-25 stimulation ([Fig 3D](#pone.0184684.g003){ref-type="fig"}). To confirm the attenuated ILC2 activation in response to IL-25 in mice ablated of CD4^+^ T cells, ILC2s were enriched by depleting lineage positive cells labeled with microbeads conjugated with mAbs against CD11b, CD8, CD4, B220 and CD19 and then stimulated with IL-25 or with PMA/Ionomycin. While treatment with PMA/Ionomycin in enriched ILC2s from mice treated with control and anti-CD4 antibody induced comparable level of cytokines IL-4, IL-9 and IL-13, stimulation with IL-25 significantly enhanced the secretion of IL-9 and IL-13 in the enriched ILC2s from isotype mAb-treated mice but not CD4 mAb-treated mice ([Fig 3E](#pone.0184684.g003){ref-type="fig"}). These data suggest that CD4^+^ T cells are nonessential to induce ILC2s during the immune response to *T*. *spiralis* infection, but are required for ILC2 function to respond to IL-25 stimulation during *T*. *spiralis* infection.

![ILC2s failed to function in *T*. *spiralis*--mice ablated CD4+ T cells.\
BALB/c mice were intraperitoneally given anti-CD4 or rat IgG antibody every other day after infection with *T*. *spiral*is. **(A)** Frequency and numbers of CD3^+^CD4^+^ cells at 7 and 14 days postinfection were evaluated in the mesenteric lymph node of infected mice treated with anti-CD4 or rat IgG antibody. **(B)** At 7 and 14 days postinfection, the small intestines were harvested and subjected for worm burden. **(C)** Detection and frequency of ILC2s (CD3^-^CD4^-^IL-17RB^+^CD127^+^T1/ST2^+^) in the mesenteric lymph nodes of infected mice treated with anti-CD4 or rat IgG antibody. **(D)** Mesenteric lymph node cells of *T*. *spiralis*-infected mice treated with anti-CD4 or rat IgG antibody were treated with IL-25 with or without *T*. *spiralis* antigen for 72 hours and the indicated cytokines in the supernatant were assessed using ELISA. **(E)** Lin^-^ cells from the mesenteric lymph node of *T*. *spiralis*-infected mice treated with anti-CD4 or rat IgG antibody were enriched using a MACS column. The enriched ILC2 cells were then restimulated with IL-25 or PMA/ionomycin for 72 hours, and the indicated cytokines in the supernatant were assessed using ELISA. Data represented one of three independent experiments (n = 4 mice each group). Error bars denote mean ± SD. Significance was determined by one-way ANOVA \* p \<0.05, \*\* p \<0.01 and \*\*\* p \<0.001.](pone.0184684.g003){#pone.0184684.g003}

Lack of IL-25 receptor diminishes ILC2 induction and antigen-specific Th2 and Th9 functions {#sec019}
-------------------------------------------------------------------------------------------

To examine the requirements of the IL-25 signal in regulating the induction and function of IL-17RB-expressing ILC2s and CD4^+^ Th2 cells during *T*. *spiralis* infection, BALB/c *Il17rb*^-/-^/4GET mice were generated. As expected, IL-17RB-expressing cells could be readily detected in wild type mice after *T*. *spiralis* infection, but not in *Il17rb*^*-/-*^ mice ([Fig 4A](#pone.0184684.g004){ref-type="fig"}). While the number of GFP^+^CD4^+^ cells were comparable between wild type 4GET and *Il17rb*^-/-^/4GET mice at 7 or 14 days after *T*. *spiralis* infection ([Fig 4B](#pone.0184684.g004){ref-type="fig"}), the loss of IL-17RB signals resulted in a significant reduction in the number of GFP^+^KLRG1^+^ILC2s in mice infected with *T*. *spiralis* ([Fig 4C](#pone.0184684.g004){ref-type="fig"}). Intriguingly, the expression levels of *Il5*, *Il9*, and *Il13* transcripts by the sorted GFP^+^CD4^+^ T effector/memory cells that lacked IL-17RB signals were markedly reduced despite a comparable number of GFP^+^CD4^+^ cells ([Fig 4D](#pone.0184684.g004){ref-type="fig"}). In contrast, the expression levels of *Ifn*γ transcription by GFP^+^CD4^+^ T effector/memory cells from *Il17rb*^*-/-*^ mice were significantly higher than those by these cells from wild type mice ([Fig 4D](#pone.0184684.g004){ref-type="fig"}). Furthermore, mesenteric lymph node cells from *T*. *spiralis*-infected *Il17rb*^*-/-*^ mice produced much lower amounts of antigen-specific IL-5, IL-9 and IL-13 cytokines, but larger amounts of IFN-γ than those from infected wild type mice ([Fig 4E](#pone.0184684.g004){ref-type="fig"}). Although the expression levels of *Il4* transcript in GFP^+^CD4^+^ T effector/memory cells were similar between wild type and IL-17RB-deficient mice, antigen-specific IL-4 production by mesenteric lymph node cells was significantly reduced when mice lacking IL-17RB signals during *T*. *spiralis* infection ([Fig 4E](#pone.0184684.g004){ref-type="fig"}). Collectively, these data suggest that the IL-25 receptor signal is required for ILC2s accumulation during infection, which in turn may enable the capability of CD4+TH effector cells to elicit strong antigen-specific Th2 and Th9 cytokine responses against *T*. *spiralis* infection. Our studies did not exclude the possibility that attenuated antigen-specific Th2 cytokine production in IL-17RB-deficient mice may result from the intrinsic defect of IL-25-mediated Th2 and Th9 cytokine production as previously described \[[@pone.0184684.ref022], [@pone.0184684.ref026], [@pone.0184684.ref027]\].

![Signaling through IL-17RB is essential to induce ILC2 and antigen specific Th2 and Th9 responses.\
*Il17rb*^-/-^/4GET or wild type 4GET mice were infected with *T*. *spiral*is. **(A)** Detection of IL-17RB in lineage negative (CD11b^-^CD11c^-^B220^-^CD49b^-^Gr.1^-^CD335^-^CD3^-^CD4^-^CD8^-^) and CD3^+^CD4^+^ T cells. **(B)** Frequency and numbers of CD3^+^CD4^+^GFP^+^ cells at 7 and 14 days postinfection were evaluated in the mesenteric lymph node of infected *Il17rb*^-/-^/4GET or wild type mice. **(C)** Detection and frequency of ILC2s (CD3^-^CD4^-^CD127^+^T1/ST2^+^KLRG1^+^GFP^+^) in the lamina propria of the small intestines of *Il17rb*^-/-^/4GET or wild type 4GET mice infected with *T*. *spiral*is at 7 and 14 days postinfection. **(D)** Effector/memory (CD3^+^CD4^+^CD44^+^) T cells from mesenteric lymph nodes of *T*. *spiralis*-infected wild type and *Il17rb*^*-/-*^ mice were sorted and subjected to analyze the expression of indicated cytokine using real-time PCR. Data are expressed as fold induction over actin (*Actb*) expression, with the mRNA levels in the naïve group set as 1. **(E)** At day 7 and 14 postinfection, mesenteric lymph node cells were harvested and single cell suspensions were then cultured with or without *T*. *spiralis* extract antigen (10 μg/ml). After three days, the supernatant was collected and analyzed for *T*. *spiralis*-specific cytokine production by ELISA. Graphs depict mean±SD and are a representative of at least three independent experiments with three to four mice each group. Significance was determined by one-way ANOVA with Tukey's post hoc analysis \* p \<0.05, \*\* p \<0.01 and \*\*\* p \<0.001.](pone.0184684.g004){#pone.0184684.g004}

IL-25 receptor deficiency attenuates Th2/Th9 immune responses that results in defective *T*. *spiralis* worm clearance {#sec020}
----------------------------------------------------------------------------------------------------------------------

Having demonstrating the role of the IL-25 receptor signal in promoting ILC2s and antigen specific T cell immune response during *T*. *spiralis* infection, we examined its involvements in *T*. *spiralis* worm clearance. After 14 days of *T*. *spiralis* infection, the expression levels of *Il5*, *Il9* and *Il13* transcripts in the small intestine of *Il17rb*^*-/-*^ mice were significantly lower than those of the wild type mice ([Fig 5A](#pone.0184684.g005){ref-type="fig"}). Consequently, mice lacking IL-25 signals expressed much lower levels of *Muc2*, *Relmb*, and *Mcpt1* genes, which were shown to be positively regulated by Th2 cytokine and IL-9 effector responses ([Fig 5A](#pone.0184684.g005){ref-type="fig"}). Compared with the wild type mice, fewer numbers of goblet cells could be observed in the small intestines of *Il17rb*^*-/-*^ mice at day 14 postinfection ([Fig 5B](#pone.0184684.g005){ref-type="fig"}). Thus, lack of the IL-25 receptor signal dampens Th2 and Th9 immune responses, resulting in attenuated functions of goblet cells, epithelial cells and mast cells in the intestines during *T*. *spiralis* infection.

![Absence of IL-17RB resulted in reduced intestinal Th2 and Th9 effector responses and attenuated intestinal and muscle *T*. *spiral*is worm clearance.\
*Il17rb*^-/-^ or BALB/c mice were infected with *T*. *spiral*is. **(A)** At days 7 and 14 postinfection, the small intestines (jejunum) were harvested and subjected to RNA extraction, followed by cDNA synthesis and cytokine gene expression using real-time PCR analysis. Data are expressed as fold induction over actin (*Actb*) expression, with the mRNA levels in the naïve group set as 1. **(B)** The small intestines (jejunum) were fixed with 10% formalin buffer and subjected to histological analysis of goblet cells by Periodic acid--Schiff (PAS) staining. Numbers of goblet cells were expressed per villus crypt unit (VCU). **(C)** At days 7 and 14 postinfection, the whole intestines of *T*. *spiral*is-infected *Il17rb*^-/-^ or BALB/c mice were harvested and analyzed for adult worms. **(D)** At day 30 postinfection, whole carcasses of infected mice from *Il17rb*^-/-^ or wild type groups were analyzed for muscle larvae burden. Graphs depict mean±SD and are a representative of at least three independent experiments with four mice each group. Significance was determined using one-way ANOVA with Tukey's post hoc analysis \* p \<0.05, \*\* p \<0.01 and \*\*\* p \<0.001.](pone.0184684.g005){#pone.0184684.g005}

Next, we investigated the effect of IL-25 receptor deficiency in *T*. *spiralis* worm clearance. Although much fewer ILC2s could be detected in *Il17rb*^*-/-*^ mice than those in the wild type mice on day 7 postinfection ([Fig 4B](#pone.0184684.g004){ref-type="fig"}), no significant difference was observed in *T*. *spiralis* worm numbers between *Il17rb*^*-/-*^ and wild type mice at this phase of infection ([Fig 5C](#pone.0184684.g005){ref-type="fig"}). However, *Il17rb*^*-/-*^ mice were less effective in expelling *T*. *spiralis* than wild type mice, as evidenced by the significant higher adult worm burden in the intestines of *Il17rb*^*-/-*^ mice on day 14 postinfection ([Fig 5C](#pone.0184684.g005){ref-type="fig"}), at which the antigen-specific Th2 immune response was markedly diminished ([Fig 4B](#pone.0184684.g004){ref-type="fig"}). Furthermore, a higher number of larvae in the muscles could be observed in *Il17rb*^*-/-*^ mice on day 30 postinfection ([Fig 5D](#pone.0184684.g005){ref-type="fig"}). Together, these results suggest that the IL-25 receptor signal plays an important role in mounting an effective type-2 immune response contributing to the control of *T*. *spiralis* infection.

Discussion {#sec021}
==========

Our previous work demonstrated the role of IL-25 in promoting a protective immune response against *T*. *spiralis* infection \[[@pone.0184684.ref017]\], yet the cellular functional targets in innate and adaptive immunity responsible for the IL-25 function, particularly the involvement of type-2 innate lymphoid cells (ILC2s) in *T*. *spiralis* infection were not clearly addressed. The data presented here showed that the IL-25-mediated protective immune response was primarily driven by the expression of the IL-25 receptor on type-2 innate lymphoid cells (ILC2) and adaptive T helper cells. Further characterization indicated that reciprocal regulation of ILC2 and adaptive T helper cells coordinated to promote IL-25 enhanced antigen-specific Th2 and Th9 cells immune response to *T*. *spiralis* infection. Consequently, IL-25 receptor signaling was required for efficient worm clearance of *T*. *spiralis* infection in both intestinal and muscle phases.

The finding that recently identified type-2 innate lymphoid cells (ILC2s) function as an IL-25 target cell population \[[@pone.0184684.ref005]--[@pone.0184684.ref007]\] suggests a potential involvement of ILC2s in *T*. *spiralis* infection. Indeed, phenotypic analyses of IL-17RB, a cognate IL-25 receptor expression, showed that ILC2s were the predominant IL-17RB-expressing cells among the innate immune cell types, suggesting that ILC2s were the major innate immune cell types responsible for the IL-25 function in the immune response against *T*. *spiralis* infection. Recent studies indicated the existence of an inflammatory ILC2 (iILC2) population responsive to interleukin 25 (IL-25) and IL-33-responsive natural ILC2 (nILC2) in the lungs of *N*. *brasiliensis*-infected mice \[[@pone.0184684.ref028]\]. As previously report, the induction of IL-25 responsive cells was transiently induced following *T*. *spiralis* infection. However, unlike IL-25-responsive ILC2s in the lungs of mice infected with *N*. *brasiliensis* that did not express ST2, a majority of ILC2s in the lamina propria of *T*. *spiralis*-infected mice expressed both IL-17RB and ST2, suggesting their abilities in response to IL-25 and IL-33 during the immune response to *T*. *spiralis* infection. Quite possibly, ILC2s may appear in various phenotypes in different anatomical locations. Moreover, the frequencies and function of ILC2s involved in the immune response against different gastrointestinal helminth infection may differ. Additional studies will be required to further define the regulation of tissue ILC2 development and the cooperative function with other IL-25-responsive innate immune cells such as MPP^type2^ in promoting type-2 mediated protective immunity against intestinal helminth infection.

IL-25 has been shown to potentiate the production of type-2 cytokines by Th2 cells \[[@pone.0184684.ref022], [@pone.0184684.ref027]\] and IL-9 by Th9 cells \[[@pone.0184684.ref026]\] in allergic lung diseases in both mice and humans. Our previous data suggest that IL-25 mediated the protective immunity to *T*. *spiralis* infection by promoting the enhanced antigen-specific Th2 and Th9 cytokine responses \[[@pone.0184684.ref017]\]. Unlike transient induction of ILC2s during *T*. *spiralis* infection, analyses of IL-17RB expression in adaptive T helper cells revealed that IL-17RB-expressing Th2 cells were induced following 7 days of infection and persisted in the late stage of infection. IL-25 has been demonstrated to be induced on day 1 following *T*. *spiralis* infection \[[@pone.0184684.ref017]\], which may be followed by promoting the induction of IL-25 responsive ILC2s in the early stage of infection. Related findings suggest that the combined function of MHCII expression by hematopoietic cells and CD4 T cells were required to promote *T*. *spiralis* worm expulsion \[[@pone.0184684.ref004]\]. Indeed, recent studies have indicated that ILC2 can promote the Th2 immune response in an MHCII-dependent manner \[[@pone.0184684.ref012], [@pone.0184684.ref018]\]. In support of these findings, our results also showed that ILC2 upregulated MHCII expression after stimulation with *T*. *spiralis* infection and these cells pulsed with *T*. *spiralis* antigen could augment antigen-specific type-2 cytokines and IL-9 production by effector/memory T helper cells through an MHCII-dependent mechanism. Therefore, the induction of ILC2s may play an important role in augmenting the function of antigen-specific Th2 and Th9 immune response against *T*. *spiralis* infection. Intriguingly, the function of ILC2s to produce cytokines in response to IL-25 stimulation during *T*. *spiralis* infection required the presence of CD4+ T helper cells since depletion of CD4+ T cells failed to promote IL-25-stimulated ILC2 to produce IL-4, IL-5, IL-9, and IL-13. Our finding suggested that the induced ILC2 and adaptive Th2 and Th9 cells may cooperate to mediate the effective immune response against *T*. *spiralis* infection. Although the mechanism underlying the cooperation of ILC2s and adaptive Th2 and Th9 cells in *T*. *spiralis* infection remains unclear, it has been suggested that IL-2 derived from CD4^+^ T helper cells may influence the function of ILC2s in lung inflammation \[[@pone.0184684.ref024], [@pone.0184684.ref029], [@pone.0184684.ref030]\]. Furthermore, a recent report also suggested that IL-9 played important roles in promoting ILC2 survival and function in helminth-induced lung inflammation \[[@pone.0184684.ref031]\].

The biological effect of IL-25 was mediated by the signaling pathways through a cognate receptor IL-17RB \[[@pone.0184684.ref032]\]. Several lines of evidence using IL-17RB deficient mice demonstrated the requirement of the IL-17RB receptor signaling in activating the expansion and function of ILC2 in response to allergens \[[@pone.0184684.ref018]\] and *N*. *brasiliensis* parasites \[[@pone.0184684.ref005]\]. In *N*. *brasiliensis* infection, ILC2s in IL-17RB deficient mice failed to expand during the early stage of infection but not in the late stage of infection. Indeed, we observed the reduction of ILC2s in the mesenteric lymph nodes of IL-17RB deficient mice at both early and late stage *T*. *spiralis* infection, implicating that the distinct pattern and function of IL-25-activated ILC2 may be induced differently in response to individual parasites that occupy different niches and possess unique life cycles. Furthermore, the period that antigen-specific Th2 and Th9 cytokine responses and their effector function to *T*. *spiralis* infection attenuated in IL-17RB deficient mice were correlated with the delayed worm expulsion in the intestines and muscle phase of infection. These data support our previous finding that the protective immune response against *T*. *spiralis* infection required IL-25-mediated Th2 and Th9 immune functions \[[@pone.0184684.ref017]\]. Interestingly, although IL-25 and IL-33 were both recognized as epithelial-derived cytokines promoting the expansion and function of ILC2s, they seem to have independent functions in responding to intestinal helminth parasites. In *Nippostrongylus brasiliensis* infection, ST2^−/−^ mice demonstrated normal Th2 cytokine response \[[@pone.0184684.ref033]\], whereas type-2 cytokine response generated after *T*. *spiralis* infection was shown to be dependent on ST2 \[[@pone.0184684.ref034]\]. Although intestinal worms were expelled normally in ST2^−/−^ mice, these mice exhibited the enhanced muscle larvae number, resulting from the compromised Th2 immune response \[[@pone.0184684.ref034]\]. It appears that intestinal helminth parasites may generally induce IL-25 in the intestinal epithelial cells that promote the cooperative function of innate ILC2 and adaptive T helper cells to augment antigen-specific Th2 and Th9 cytokine production, and that is essential for helminth parasite expulsion. Overall, these results are of particular significance as they suggest that IL-25 and IL-33 may play nonredundant roles in helminth infection and discrete pathways may be needed for host immune responses to different intestinal helminth parasite infections.

Supporting information {#sec022}
======================

###### The induction of Lin^-^IL-17RB^+^KLRG1^+^ST2^+^ cells in *T*. *spiralis*-infected mice.

After *T*. *spiralis* infection for 7 days, the lamina propria cells of small intestine were subjected for the analysis of cell surface marker (ST2, KLRG1, and IL-17RB) in Lin^-^CD3^-^CD4^-^ cells by flow cytometry.

(TIF)

###### 

Click here for additional data file.

###### Frequency of CD3^+^CD4^+^ T cells in the small intestine of mice treated with anti-CD4 antibody.

After *T*. *spiralis* infected mice were treated with rat IgG or anti-CD4 antibody every other day for 14 days, the lamina propria cells of small intestine were subjected for the analysis of CD3^+^CD4^+^ cells (A, B) and CD3^-^CD4^-^IL-17RB^+^CD127^+^T1/ST2^+^ (C, D) by flow cytometry and analyzed for the frequency and cell numbers. Data represent one of two independent experiments (n- = 3 mice per group).

(TIF)

###### 

Click here for additional data file.
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